Working memory refers to the ability of the brain to store and manipulate information over brief time periods, ranging from seconds to minutes. As opposed to long-term memory, which is critically dependent upon hippocampal processing, critical substrates for working memory are distributed in a modality-specific fashion throughout cortex. N-methyl-D-aspartate (NMDA) receptors play a crucial role in the initiation of long-term memory. Neurochemical mechanisms underlying the transient memory storage required for working memory, however, remain obscure. Auditory sensory memory, which refers to the ability of the brain to retain transient representations of the physical features (e.g., pitch) of simple auditory stimuli for periods of up to approximately 30 sec, represents one of the simplest components of the brain working memory system. Functioning of the auditory sensory memory system is indexed by the generation of a well-defined event-related potential, termed mismatch negativity (MMN). MMN can thus be used as an objective index of auditory sensory memory functioning and a probe for investigating underlying neurochemical mechanisms. Monkeys generate cortical activity in response to deviant stimuli that closely resembles human MMN. This study uses a combination of intracortical recording and pharmacological micromanipulations in awake monkeys to demonstrate that both competitive and noncompetitive NMDA antagonists block the generation of MMN without affecting prior obligatory activity in primary auditory cortex. These findings suggest that, on a neurophysiological level, MMN represents selective current flow through open, unblocked NMDA channels. Furthermore, they suggest a crucial role of cortical NMDA receptors in the assessment of stimulus familiarity/unfamiliarity, which is a key process underlying working memory performance.
Working memory refers to the ability of the brain to store and manipulate information over brief time periods, ranging from seconds to minutes. As compared with long-term memory, which is critically dependent upon hippocampal long-term potentiation, critical substrates for working memory are distributed in a modality specific fashion throughout cortex (1, 2) . On a neurophysiological level, working memory has been linked to transient, task-related alterations in the firing rates of neurons in modality-specific brain regions, permitting the use of intracortical recordings to investigate neurochemical mechanisms underlying functioning of the brain working memory system (3) (4) (5) .
Cortical information processing is critically dependent upon the interplay between glutamatergic and y-aminobutyric acid (GABA)ergic neurotransmission. Glutamate is the primary excitatory amino transmitter in mammalian cortex, being present in approximately 60% of cortical neurons and 100% of cortical pyramidal neurons. Glutamatergic fibers mediate all thalamocortical and corticortical projections within cortex, as well as corticofugal projections from cortex to subcortical structures. Within cortex, the interplay of excitatory neurotransmission is regulated by local circuit GABAergic inhibitory neurons that define the borders and functioning of individual cortical columns. Glutamate mediates its actions at distinct receptor types that are differentiated based upon their sensitivity to the synthetic glutamate derivative N-methyl-Daspartate (NMDA). NMDA receptor activation plays a critical role in learning and the initiation of long-term memory formation (reviewed in ref. 6 ). This study investigates the hypothesis that NMDA receptors play a crucial role in cortical working memory as well.
This study focuses on auditory sensory ("echoic") memory, a preattentive component of the brain working memory system, as a model for more complex attention-dependent forms of working memory. Echoic memory refers to the ability of the brain to store representations of the physical characteristics of simple auditory stimuli for seconds to minutes even when such stimuli are ignored at the time of presentation (7) . Functioning of the echoic memory system is indexed by the generation of a specific auditory event-related potential component, termed mismatch negativity (MMN), which can, therefore, be used as a probe of the auditory sensory memory system (8, 9) . MMN is elicited most frequently in an auditory oddball paradigm in which a sequence of repetitive standard stimuli is interrupted infrequently by a physically deviant "oddball" stimulus. Critical substrates for echoic memory and MMN generation reside in the region of primary auditory cortex (Al) (9) (10) (11) (12) , and intracortical recordings from Al show prominent contributions to surface-recorded MMN in both cats (13) and monkeys (14) . In humans, MMN to pitch and intensity deviants occurs with an approximate peak latency of 150 msec (9) . In monkeys, comparable activity occurs with an approximate peak latency of 90 msec (15) , reflecting the smaller brain sizes and correspondingly shorter conduction latencies.
To investigate neurochemical mechanisms underlying MMN generation in awake monkeys, intracortical recordings through AI were combined with focal infusion of NMDA and non-NMDA antagonists into the microregion of the recording electrode. Recordings were obtained using linear array, multichannel electrodes acutely inserted into the cortical region of interest. This study shows that NMDA antagonists abolish local generation of MMN within Al without altering the generation of prior obligatory event-related potential components, indicating that NMDA receptors play a crucial role in the neurophysiological operations underlying cortical working memory.
MATERIALS AND METHODS
Subjects consisted of five cynomolgus monkeys (Macaca fascicularis), weighing between 2.5 and 4.0 kg. Monkeys were prepared for intracortical studies using previously described surgical procedures (14) . Briefly, under general anesthesia (sodium pentobarbital) and using aseptic techniques, portions of the skull were resected and matrices of adjacently placed epidural guide tubes were implanted, providing access to underlying brain structures. The matrices were oriented stereotaxically to target Al and were embedded in a mound of dental acrylic that was affixed to the skull using machine screws. Plexiglas bars were included in the implant to permit painless head fixation during recording sessions. Animals were housed in an American Association for the Accreditation of Laboratory Animal Care accredited animal facility, were monitored daily for assessment of their well-being, and were allowed to recover from surgery prior to initiation of experiments. Also, prior to experimentation, monkeys were accustomed to handling and restraint in customized, individually fitted primate chairs. On the day of experiment, monkeys were placed in a recording chamber and electrodes were inserted acutely into Al through the epidural guide tubes. Monkeys were not given any systemic agents prior to recordings, and remained awake and alert throughout. Monkeys were fed with preferred foods (e.g., apples) at regular intervals during the recording sessions.
For each experiment, a 14-16 channel linear array multielectrode with 200 ,um of intercontact spacing and an attached 30-gauge injection catheter was inserted acutely by microdrive into Al. Electrodes were centered about the point of inversion of the initial intracortical negativity (N8), which has been shown to correspond to the base of lamina IV (16 Intracortical profiles elicited by standard and deviant clicks ( Fig. 1) consisted of an initial brief activation within lamina IV during the 5-15 msec latency range, followed by early and late supragranular activation during the 15-60 and 60-150 msec ranges. The early supragranular activation occurred primarily within lower supragranular laminae and was associated with superficial current return, whereas the later supragranular sink occurred within higher laminae and was associated with deep return. Deviant stimuli elicited a similar degree of initial lamina IV activation as did standards, but elicited a markedly increased degree of supragranular activation ( Fig. 1 Statistical comparisons were performed using SUMREC waveforms, which provide a temporal index of total current flow within identified laminae (Fig. 2) . Separate SUMREC waveforms were constructed from CSD profiles to standard stimuli, deviant stimuli, and deviant minus standard difference waveforms (Figs. 2 and 3) . MMN (Fig. 1 Top). These drugs also did not alter the initial slope of the intracortical SUMREC waveform, which provides an index of initial stimulus-induced cortical excitation (14) (Fig. 2 ). In contrast, PCP significantly reduced the memory-dependent enhancement in supragranular activity elicited by deviant stimuli (Fig. 1 Middle), as reflected in a dose-dependent reduction in the differential activity obtained by subtracting the profile elicited by standard stimuli from the profile elicited by deviants (Fig. 1 Bottom). SUMREC analysis of the difference protocol revealed a significant reduction of deviance-related enhancement of supragranular activity to approximately 50% of control levels following injection of 10 ,ug of PCP (F1,2 = 23.0, P < 0.05) across studies (Fig. 3) . Similar action opposite to that of kynurenic acid in that it enhanced all locally generated activity within both lamina IV and supragranular laminae (Fig. 6) -------------"oddball" paradigm. PCP (5 ,Lg/I,u) was (20) , suggesting that the interplay between auditory and prefrontal cortices may be important for MMN generation. However, in those studies, the decrease in MMN amplitude was associated with an accompanying increase in the amplitude of P1, an early cortical obligatory component. Moreover, the MMN deficit was greatest when stimuli were presented ipsilateral to the lesioned hemisphere, indicating that the frontal lobe may be primarily involved in the gating of information entering the auditory cortex, rather than processing information within the auditory cortex. In that study also, the lesion-related deficit in MMN generation was accompanied by decreased response accuracy, supporting the concept that MMN indexes a preattentive process that contributes to subsequent attentiondependent mnemonic performance. The finding that NMDA receptors play a crucial role in working memory is consistent with behavioral studies of working memory in rats and monkeys. In monkeys, NMDA antagonists from a variety of chemical classes impair the ability to perform complex responses chains, whereas a variety of compounds that interact with dopaminergic, serotonergic, and opiate neurotransmitter systems are ineffective (21, 22) . Impaired intracortical MMN generation induced by NMDA antagonists may be relevant to the pathophysiology of disorders associated with working memory impairments, such as schizophrenia (23) . Schizophrenic subjects show significant deficits in MMN generation (24) (25) (26) (27) , along with impaired performance of auditory sensory memory tasks (28) . It has been suggested that impairments in NMDA receptor activity (29) may contribute significantly to the pathophysiology of schizophrenia. Furthermore, it has been shown that glycine, an NMDA augmenting agent, may ameliorate symptoms of schizophrenia when given at doses sufficient to increase brain glycine levels (30) . This study, demonstrating schizophrenialike inhibition of MMN generation by NMDA antagonists, provides important support to the PCP/NMDA model of schizophrenia.
As we have reported (14) , the intracortical events underlying MMN generation begin earlier than is apparent in surface recordings (15) . The discrepancy is due to the fact that the earlier (15-60 msec) events occur primarily within deep cortical laminae. Furthermore, the pattern of current return is variable across sites, so that activity cancels across adjacent cortical columns and is not apparent at surface recording sites. Finally, the most common pattern observed during the 15-60-msec range consists of a deep sink and superficial source. To the extent that this activity does propogate to the surface, it would be expected to correspond to a surface positivity, rather than a surface negativity. Small positivities preceding MMN are frequently observed in human recordings. Intracortical activity during the latency range of surface MMN (60-150 msec in monkeys) consists of a superficial current sink and deeper source. This configuration is constant across recording sites, and would be expected to produce the observed surface negativity. An important finding of this paper is that NMDA antagonists block both the early and late intracortical responses to stimulus deviance, indicating that both may be manifestations of the same underlying process.
A limitation of this study is that it does not address the degree to which modulatory neurotransmitters, such as dopamine, serotonin, norepinephrine, acetylcholine or neuropeptides, might affect memory-dependent functioning within auditory cortex. Injection of Dl antagonists impairs prefrontally mediated visuospatial working memory and related alterations in neuronal firing rate, raising the possibility that dopamine receptors may play a significant role in the functioning of the cortical working memory system (31, 32) . However, MMN generation in schizophrenic subjects appears to be relatively unaffected by antipsychotic agents, which work by blocking dopamine (D2) receptors (25) . Similarly, MMN generation in children with attention-deficit disorder appears to be relatively unaffected by methylphenidate, a dopamine-releasing agent, indicating that the dopaminergic system probably does not play a major role in echoic memory (33) . AI receives relatively sparse dopaminergic input, compared with the frontal regions that mediate visuospatial memory (34) . However, Al does receive prominent serotonergic and noradrenergic innervation (35) . A goal of future studies will be to examine the relative roles of these systems in cortical working memory performance. A second limitation of this study is that it targets a preattentive working memory component using untrained monkeys. Desimone (36) has suggested a division of working memory into four prototypic processes. Echoic memory is prototypic of "adaptive filter" type working memory in which presentation of a stimulus of one type alters the response to a related but different stimulus. Future studies will address the degree to which NMDA receptors participate in other types of working memory and controlled cortical processing.
Despite the above limitations, this study has several significant findings. First, it demonstrates the feasibility of using intracortical ensemble recording, combined with focal microinfusion, for the study of neurochemical mechanisms underlying cognitive processing. Use of such a combination of techniques has only recently been accomplished in single-cell recordings of monkey cognitive functioning (32) . Second, it demonstrates the utility of CSD approach for detecting differential drug affects on activity deriving from distinct cortical laminae. Finally, it demonstrates that the relative contributions of different receptors to cortical processing can be differentiated in awake, behaving monkeys and that the pattern of auditory dysfunction observed in schizophrenia can be reproduced by microinfusion of NMDA receptor antagonists into Al. A major limitation in schizophrenia research is the lack of appropriate animal models, especially for the cognitive dysfunction domain of symptoms. The present findings suggest that analysis of intracortical mechanisms underlying MMN generation may provide important insights into the pathophysiology of cognitive dysfunction in schizophrenia.
